Abstract-A novel, potential and efficient microwave direct contact hyperthermia applicator referred to as water-loaded box-horn for therapeutic heating of bio-medium is designed and developed at 915 and 2450 MHz. Also, theoretical expressions for fields in bio-medium as produced by a direct contact box-horn applicator have been derived using plane wave spectral technique. The box-horn is a special type of dual mode horn antenna which supports TE 10 -and TE 30 -modes. Therefore, the aperture field distribution over the H-plane of the box-horn is nearly uniform which prevents steep temperature gradients in the heating medium. Water-loading of the box-horn provides a better impedance match to the bio-medium and hence better coupling of microwave energy into bio-medium. Also, it reduces the size of box-horn applicator considerably. The SAR distributions in bio-medium in direct contact with water-loaded box-horn have been computed theoretically with the developed analytical model and measured experimentally with the help of Agilent/HP vector network analyzer (8714 ET) at 915 and 2450 MHz. The theoretical and experimental results for SAR are in nearly in agreement with each other. It is investigated that higher penetration depth, lower power absorption coefficient and higher half-power width/depth or lower resolution in heating medium are found for box-horn designed at 915 MHz in comparison to those for box-horn designed at 2450 MHz.
INTRODUCTION
Emerging application of microwave in hyperthermia treatment of cancer demands challenging characteristics of applicator.
The applicator must be designed to elevate the temperature uniformly throughout the tumor to the therapeutic temperature range (43 • to 50 • C). The applicator must be light weight and compact. It should be simple and as small as possible for a specified aperture size to facilitate its clinical use. When the applicator is in direct contact with phantom tissue, the leakage around it should be as small as possible. These requirements, put together provide a challenging list of specifications that demand innovation in applicator design beyond known conventional applicators.
A number of investigations have been carried out on several types of direct contact applicators for hyperthermia treatment of cancer. Rectangular/circular waveguide applicators [1] [2] [3] [4] , multimodal applicator [5] , conical horn antenna [6] , dielectric lens/slab-loaded waveguide [7] [8] [9] etc. as direct contact hyperthermia applicators have been reported in the literature. The type of applicator selected depends on the production of sufficient thermal field distributions at different depths of the tumor in a variety of anatomical sites. For minimum microwave exposure to the operator as well as unprescribed tissues of patient, direct contact applicators are desirable instead of spaced applicators. They are inherently safer as they can readily reduce unwanted radiation. For superficial tumors, single contact applicators at 915 and 2450 MHz have been used to treat well localized tumors extending upto a depth of 3 cm. Waveguide and horn antennas are also put under this category of hyperthermia applicators. Higher penetration depth can be achieved by either employing an applicator operating at a lower frequency or by using several applicators as a phased array. For uniform heating of these tumors properly designed multimode waveguide/horn can be used.
In this paper, the authors have proposed a novel, potential and efficient direct contact water-loaded box-horn applicator for hyperthermia treatment of cancer. The box-horn consists of a TE 10 -mode H-plane sectoral-horn coupled to a length L of rectangular waveguide of same E-plane height but whose H-plane width is large enough to support TE 30 -mode also. Thus, box-horn is a dual-mode applicator which supports TE 10 -and TE 30 -modes. The electric field distribution over the H-plane of the box-horn aperture is nearly uniform which prevents steep temperature gradient in the heating medium. To demonstrate the technical feasibility for a safe and effective design, a prototype direct contact water-loaded box-horn applicator operating at ISM (Industrial, Scientific and Medical) frequencies of 915 and 2450 MHz have been designed and developed. The water-loading of the box-horn reduces any mismatch resulting from bio-medium since the dielectric permittivity of the bio-medium is close to that of water. Hence, strong power coupling to the bio-medium can easily be achieved and radiation leakage around the applicator minimized. Moreover, rather high value of the real part of water permittivity (ε w ∼ = 78) permits a considerable reduction (by a factor of ∼ = 9) in applicator aperture dimensions, which is very important in trying to make the whole system manageable in phased array application. Analytical model for fields in bio-medium illuminated by the water-loaded box-horn applicator have also been developed using plane wave spectra technique for calculating the heating patterns in planar stratified tissue. The field components numerically evaluated with the help of MATLAB software may be used to select an aperture size of box-horn to provide the best subcutaneous heating patterns in the tissue. The spatial distribution of specific absorption rate (SAR) or the rate of heating in a planar heating-medium (synthetic muscle) produced by a direct-contact water-loaded box-horn applicator is computed theoretically using developed analytical model and measured experimentally with the help of Agilent/HP vector network analyzer (8714ET) at 915 and 2450 MHz. Other parameters of interest, such as penetration depth, power absorption coefficient and half-power width/depth or resolution in heating medium are also determined theoretically and experimentally at 915 and 2450 MHz for characterizing the water-loaded box-horn applicator. The theoretical and experimental results are found to be nearly in agreement with each other which validate the developed analytical model.
THEORETICAL CONSIDERATIONS ON WAVE PROPAGATION IN BIO-MEDIUM
A water-loaded box-horn terminated in bio-medium (synthetic muscle layer) is shown in Fig. 1 . The narrow and broad dimensions of the aperture of the box-horn are denoted as a and b respectively. The length of box-horn along z-direction is denoted as L. In present analysis, the muscle layer is considered to be of finite thickness (t 1 ) followed by infinite free-space layer. Muscle and free-space layers have complex permittivities of ε * 1 and ε * 2 respectively. The analysis of fields in the bi-layered media presented here follows the plane wave spectral technique discussed by Compton [10] and Harrington [11] . It is assumed that box-horn has conducting ground plane extending upto infinity surrounding the box-horn aperture in xy-plane so that the fringe field outside the aperture in xy-plane becomes zero. Many evanescent modes may be excited near the discontinuity regions, such as the aperture of the box-horn. Therefore, the fields inside the waveguide (z < 0) can be described as the superposition of the incident and reflected TE 10 -and TE 30 -mode fields and many evanescent mode fields. In order to compute the field in the z < 0 half-space, the field at the z = 0 plane is assumed to be known and is taken to be equal to the superposition of incident TE 10 -and TE 30 -propagating mode fields and their respective reflected fields [2, 10, 12] . The effect of non-propagating evanescent modes is generally taken to be secondary [2, 10, 12] under the condition of good impedance matching and is neglected in the present study. This assumption is equivalent to Kirchhoff's approximation, which gives satisfactory results in the forward direction [2, 10, 12] . Thus, the x-component of electric field at the aperture of the box-horn [12] is represented by
where a 10 and a 30 are amplitude coefficients, Γ 10 and Γ 30 are reflection coefficients at the interface between water-loaded box-horn aperture and bio-medium, and β 10 and β 30 are the phase constants for TE 10 and TE 30 modes respectively. With the aperture electric field as given in Eqn. (1) , the fields in the bi-layered media are every-where TE to x and TE to y [10, 11] . Hence, the fields may be represented by an electric vector potential
where φ and ψ are both the solutions to the wave equation
where k 1,2 are respectively the complex propagation constants in the bio-medium (layer 1) and free space (layer 2) respectively. The solutions for φ and ψ can be constructed as the sum of a continuous spectrum of eigenvalues, as given by
The electric and magnetic fields in different layers are found from the relations
Through the use of spectral technique as discussed by Compton [10] and as given in Harrington [11] , spectral integral representations of the fields in different layers are obtained. The x-, y-, and z-components of electric field in the two layers (muscle and free-space) are derived and are given below:
where plane wave spectra are I ψ1 , I φ1 , R ψ1 , R φ1 in muscle layer (layer 1), and T ψ1 , T φ1 in free-space (layer 2). It should be noted that
The equations for the components of H-field can similarly be found by utilizing (4)- (7) and (9) . Taking inverse Fourier transform of (10) and (11) at z = 0 gives
and
Applying the boundary conditions, i.e., the continuity of tangential electric and magnetic fields at z = t 1 (the interface between muscle and free-space) gives the necessary remaining four equations as follows:
Equations (16) through (21) can be solved for plane wave spectra in different layers. The solution of (16) through (21) is tedious but straight-forward. From Eqs. (16) and (17), R ψ and R φ can be written as
where
The expressions for R ψ1 and R φ1 obtained from Eqs. (22) The electric field components in x-, y-and z-directions in the biomedium (muscle layer) can then be found using Eqs. (10) to (12) . The total electric field intensity, E total1 in the bio-medium, is given by
The Specific absorption rate (SAR) in the bio-medium (muscle layer) can be evaluated by
where σ 1 (= ωε 0 ε 1 ), ρ 1 and ε 1 are conductivity, density and imaginary part of relative permittivity of muscle layer respectively.
DESIGN AND DEVELOPMENT OF WATER-LOADED BOX-HORN APPLICATOR
The water-loaded box horn is designed as per Silver [12] and then manufactured as hyperthermia applicator using 0.2 cm thick copper sheet. For brevity the design procedure is not included here. 10 has been chosen to be 0.3 and the dimension of box-aperture (b) has been taken to be 1.6 λ w in the design of water-loaded box-horn, for which θ H is found to be 30 • [12] .
Here λ w is the wavelength in water. The permittivity of water [13] has been taken to be 78 − j3.51 at 915 MHz and 77 − j12.09 at 2450 MHz for designing the water-loaded box-horn.
In Fig. 1 , the perspective view of the developed box-horn applicator is shown. Both the box-horn applicators have sufficient size of conducting ground planes (screens) of copper surrounding the respective apertures in xy-plane so that the fringe field becomes zero. The size of screen is 20 × 20 cm 2 for box-horn designed at 915 MHz and 15 × 15 cm 2 for box-horn operating at 2450 MHz. The horns were excited with the help of coaxial probes inserted into the respective built-in TE 10 -mode input waveguide sections. The probe conductor, connected to the central conductor of a RF-coaxial connector (SSMA or N -type Jack), was extended towards the opposite broad-wall of the waveguide section. SSMA (Sub-SubMiniature version A) type jack connector was used for the box-horn designed at 2450 MHz and Ntype (Navy type) jack connector was used for the box-horn operating at 915 MHz. Water loaded box-horns employed EIA WR-112 input waveguide at 915 MHz and EIA WR-34 input waveguide at 2450 MHz. The input end of the waveguide section of H-plane sectoral horn was short-circuited. The mouth end of the each horn was opened in the box of the box-horn. The length of the input waveguide section was chosen equal to 2 cm in the design of both the applicators. The coaxial probe was inserted in the middle of broad-dimension of each input waveguide section at a distance of λ g /4 from the short-circuit end, where λ g is the wavelength in the water-loaded input waveguide section for TE 10 mode given by the relation
ε w is the real part of the complex permittivity of water, λ is the freespace wavelength, f c10 = c/(2a ε w ) is the TE 10 -mode cutoff frequency c is the velocity of microwave in free space = 3×10 8 m/s), and f = c/λ is the microwave frequency. 
EXPERIMENTAL TECHNIQUE FOR MEASURING FIELD COMPONENTS IN PHANTOM BIO-MEDIUM
The experimental setup for measuring transmission coefficient (S 21 -parameter) in phantom bio-medium in direct contact with a boxhorn is shown in Fig. 2 . The laboratory grade distilled water was used to fill both the box-horns. The S 21 data can be used to determine SAR-distribution in the synthetic muscle-medium. The planar synthetic muscle was prepared from the material composition given in reference [12] i.e., 30% Gelatin +69% Water +1% NaCl. The complex permittivity of the synthetic muscle-medium was taken to be 51 − j26 at 915 MHz and 50 − j16 at 2450 MHz [12] . One of the fabricated box-horns was connected to RF-Out port (Reflection port) of vector network analyzer (Agilent/HP 8714ET) with the help of coaxial cable and a coaxial monopole probe was connected to RF-In port (Transmission port) of the vector network analyzer using flexible coaxial cable. Thus, the power from the vector network analyzer coupled to the box-horn was fed to synthetic muscle in direct contact with the box-horn. The power sensed by the monopole probe inserted at appropriate location in the synthetic muscle is fed back to RF-In port (Transmission port) of the vector network analyzer. The network analyzer was configured to measure the magnitude of S 21 parameter (transmission coefficient) in dB with start and stop frequencies of 300 kHz and 3000 MHz respectively. The Marker is set at 915 MHz for measurement with box-horn designed at 915 MHz and at 2450 MHz while measuring with box-horn designed at 2450 MHz. The spatial distribution of S 21 parameter (transmission coefficient) and hence relative magnitude of electric-field in dB was registered by placing the co-axial monopole probe at different positions in synthetic muscle.
Here, a coordinate system with the z-axis along the axis of the box-horn and perpendicular to the cross-section of the tissue model, and the x-y plane in the plane of the box-horn aperture has been considered with x-axis oriented in the direction of the electric field vector along the narrow dimension of the box-horn (Fig. 1) . The measurement of the field components in synthetic muscle was carried out as given below. E x (x/y/z), i.e., spatial distribution of electric field in x-direction was measured by keeping monopole probe axis along x-direction and moving it in a desired direction (x-or y-or z-direction) keeping other coordinates fixed. This way E x distributions along x-, y-, and zdirections were measured. Similarly, spatial distributions of E y and E z were also measured. The magnitude of field components E y and E z sampled by the probe along each of the x-, y-, and z-directions was very small in comparison to the magnitude of E x in respective directions. The field components were sampled at a number of positions from 0 to ±6 cm along each of the x-and y-directions and from 0 to 6 cm along z-direction for both the water-loaded box-horns applicators operating at 915 and 2450 MHz. The measured field components were converted into total electric field and then to specific absorption rate (SAR) by taking into account the thermal properties of the synthetic muscle utilizing Eqns. (24)-(25). The density [15] of muscle was taken equal to 1050 Kg/m 3 in the computation. The accuracy in the measurement of distance along the x-/y-/z-direction was 0.1 cm. The source frequency and S 21 measurement accuracies of the vector network analyzer were equal to 0.0005% and 1 dB respectively. Although the probe position could not be measured to the degree of accuracy required for precision measurements, it was sufficient to prove the feasibility of this technique.
RESULTS AND DISCUSSION
The spatial distributions of relative SAR in bio-medium for water-loaded box-horn applicator designed at 915 and 2450 MHz are numerically computed from theoretical analytical model using MATLAB and were measured experimentally with the help of Agilent/HP vector network analyzer (8714ET). The theoretical and experimental heating patterns (SAR distributions) in the synthetic muscle model are compared for water-loaded box-horn applicator operating at 915 and 2450 MHz (Figs. 3-6 ). The theoretical and corresponding experimental results for SAR distributions are nearly in agreement with each other. Thus, the validity of the plane wave spectra technique is proved through measured SAR-distributions along the x-, y-, and z-directions for water-loaded box-horn applicators at 915 and be evanescent modes excited near the discontinuity regions, such as the aperture of the box-horn which is neglected in the theoretical analysis. The accuracy of measuring the position of the monopole probe would also affect the accuracy of measured results. Interaction between the probe and the box-horn applicator may also occur. In actual practice some energy leakage from box-horn can also take place which is not considered in analysis. Although, these factors could cause negligible effect on SAR-value independently but taken collectively may become significant and cause the mismatch between theoretical and experimental SAR values. The normalized or relative SAR distributions (in dB) in syntheticmuscle layer produced by water-loaded box-horn operating at 915 MHz along x-/y-directions at different depths are presented in Fig. 3 .
The spatial distributions of relative SAR in synthetic muscle medium in direct contact with water-loaded box-horn at 2450 MHz are depicted in Fig. 4 . The SAR values in muscle layer are normalized to the maximum value of SAR that occurs in muscle.
The areas of interest from Figs. 3 and 4 are magnified and recasted in Fig. 5 for the sake of comparison between the half-power widths or resolutions of the applicators designed at 915 and 2450 MHz. The SAR distribution at 915 MHz is similar to that at 2450 MHz, but the distribution at 915 MHz is more spread spatially as compared to that at 2450 MHz. Therefore, the effective heating depends strongly on the frequency used and the field distribution across the aperture of the applicator. Fig. 6 illustrates the results for a wave transmitted through planar stratified muscle medium in z-direction at 915 and 2450 MHz for waterloaded box-horn. The SAR value in muscle is normalized with respect to value at the box-horn-muscle interface. The penetration depth in muscle (depth where SAR value is down to 13.5 percent i.e., −8.7 dB of the maximum in the muscle) is given in Table 1 for box-horn applicators designed at 915 and 2450 MHz. The power absorption coefficient of muscle defined as inverse of penetration depth in muscle is also listed in Table 1 for 915 and 2450 MHz. Thus, at higher frequency, the dimensions of box-horn are compatible with localized treatment of tumor but penetration depth is less, whereas penetration depth is higher for applicator designed at lower frequency. The disadvantage of using lower frequency is the poor localization of heating because of increased dimension of the applicator. Thus, there is a trade off between penetration depth and localization. Also, the profile of wave penetration into the body is strongly dependent on frequency. To increase penetration depth further, box-horn can be arranged in phased array configuration. By dielectric-slab-loading in the centre of boxhorn also, penetration depth can be improved. Integration of boxhorn with metal-plate converging lens is another alternative to increase penetration depth. The applicators providing greater penetration depth can be used for deep-seated tumors. The resolution of an applicator refers to its ability to resolve/distinguish two adjacent objects. Since two objects could be resolved if separated by a distance greater than the half-power width/depth (shown in one of the curves each of Figures 5 and 6 ) of the SAR pattern, the half-power width/depth [16, 17] is conveniently referred to as the resolution of an applicator. Resolution in x-or y-direction can be expressed in terms of half-power width of the SAR distribution in muscle and resolution in z-direction can be expressed in terms of half-power depth of the SAR distribution in muscle. Higher resolution can be obtained by lower half-power width/depth (−3 dB width/depth) and vice-versa. The half-power widths in x-or ydirection and half-power depth in muscle extracted from Figures 5 and 6 at 915 and 2450 MHz are listed in Table 1 . It can be concluded that the box-horn has lower resolutions in x-, y-and z-directions at 915 MHz as compared with corresponding resolutions at 2450 MHz. The resolution of box-horn depends on operating frequency. For hyperthermia application, the high SAR region should be limited to a smaller area (higher resolution) to avoid unnecessary damage to normal tissue. These requirements of the applicator can be achieved by employing box-horn in phased-array configuration.
CONCLUSION
A novel and efficient dual mode direct contact water-loaded box-horn applicator has been designed and developed and spatial patterns of SAR in muscle layer have been analyzed theoretically and measured at 915 and 2450 MHz. Hence, the technical feasibility of a safe and effective design of box-horn has been demonstrated. The waterloaded box-horn designed at 915 MHz gives higher penetration depth and lower resolution in muscle layer as compared with those for the horn designed at 2450 MHz. At higher frequencies where box-horn applicators of convenient size may be used to focus microwave energy within selected region of the body, the depth of penetration is so shallow that the energy cannot be directed efficiently into the deeper tissues. On the other hand, at lower frequencies where greater depth of penetration is obtained, the size of an applicator that is required to provide a focused beam becomes too large for practical clinical use. Therefore, a compromise must be made in the choice of frequency and the size of applicator so that a reasonable depth of penetration of energy can be achieved while, at the same time, the applicator should be restricted to a convenient size and weight for clinical use. The analysis and results presented here may be useful in designing and developing a novel, potential and highly efficient, dual-mode water-loaded box-horn applicator for uniform heating to prevent steep temperature gradient in bio-medium, and in analyzing the performance of the applicator for hyperthermia treatment of cancer.
